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Recently, a set of nine nonmagic nuclei with anomalous values of the B(E2) ratio B4/2 ≡ B(E2; 4+1 →
2+1 )/B(E2; 2
+
1 → 0+1 ) < 1 were identified. Such values are outside the range allowed by current collective models.
In the present work, the B(E2; 4+1 → 2+1 ) values for two of these nuclei, 98Ru and 180Pt, were re-measured to
determine if the current literature values for these nuclei are correct. 98Ru was studied in a 27Al(98Ru,98Ru∗)
Coulomb excitation experiment in inverse kinematics, while the lifetime of the 4+1 state in
180Pt was measured
in a 122Sn(62Ni, 4n)180Pt recoil distance method (RDM) experiment. For both nuclei, the remeasured B4/2 values
are well above 1, removing the deviations from collective models.
DOI: 10.1103/PhysRevC.74.024302 PACS number(s): 21.10.Ky, 21.60.Ev, 27.60.+j, 27.70.+q
I. INTRODUCTION
Surveys of the nuclear chart have revealed several signa-
tures of collective behavior that we now almost casually use
as simple means of identifying structure. Deviations from
this expected behavior have come to serve as subtle hints
that our understanding of the collective behavior of nuclei
is somehow incomplete, and must be explored more closely.
Quadrupole transition strengths in particular often play this
role; the ratio B4/2 ≡ B(E2; 4+1 → 2+1 )/B(E2; 2+1 → 0+1 ) is a
good example, as its value is 2 for a pure geometric vibrator [1]
and 1.43 in the rotor model [2]. Most notably, B4/2 is greater
than 1 in all collective models, which generally reproduce
the low-lying energy levels and transitions for nuclei with
R4/2 ≡ E(4+1 )/E(2+1 ) > 2.
In fact, the only cases in which B4/2 is close to unity are
those in which seniority is a good quantum number [3]—in
other words, for nuclei near magic numbers, where R4/2 < 2
is typically observed. In a recent survey of all even-even nuclei
for 40  Z  80 [4], however, nine nonmagic nuclei were found
to have B4/2 < 1. In all of these nuclei, the B(E2; 2
+
1 →
0+1 ) values are greater than 15 W.u., indicating collective
behavior, in contrast to that suggested by their B4/2 values,
which are divergent from the predictions of collective models.
While these discrepancies may simply point to experimental
error, it is important to re-measure these anomalous ratios to
investigate whether our current understanding of collectivity
is in need of revision.
Thus, experiments on two of these anomalous nuclei,
98Ru and 180Pt, were conducted at the Wright Nuclear Struc-
ture Laboratory at Yale University. For 98Ru, two different
B(E2; 4+1 → 2+1 ) values exist in the literature [5,6]. The earlier
measurement, a Coulomb excitation experiment, yielded a
B4/2 value of 1.41(27) [5], while the more recent measurement,
using the recoil distance method, yielded a B4/2 value of
0.38(11) [6]. 98Ru was chosen because the B4/2 value from
the more recent measurement was the most extreme example
of this deviation from collective models. 180Pt, with B4/2 =
0.9(2) [7], was selected because its listed B4/2 value is far lower
than those of the neighboring platinum nuclei, which exhibit
almost constant B4/2 ratios with changing neutron number, as
shown in Fig. 1.
II. EXPERIMENTAL METHODS AND DATA ANALYSIS
In order to shed some light on these contradictory B4/2
values and explore the extent to which these anomalous nuclei
exhibit deviations from our current understanding of nuclear
structure, we conducted two experiments: a 27Al(98Ru,98Ru∗)
Coulomb excitation experiment in inverse kinematics, and a
122Sn(62Ni, 4n)180Pt lifetime measurement utilizing the recoil
distance method (RDM). The details of each experiment are
described below.
A. 98Ru
For the 98Ru experiment, a 289 MeV 98Ru beam from the
ESTU Tandem Accelerator of Yale University impinged upon
a 0.54 g/cm2-thick 27Al target. The average beam intensity was
0.04 pnA. As shown in Fig. 2, known B(E2) values for only a
few low-lying transitions in 98Ru have been established [5,6];
therefore, we wanted the multistep Coulomb excitation to be
significantly weaker for levels above the 4+1 state in order to
safely measure the B(E2; 4+1 → 2+1 ) value relative to these
other known transitions. Thus, the beam energy was chosen
to be 84.5% of the Coulomb barrier, and evidence of higher
energy excitations was monitored throughout the experiment.
Gamma rays emitted upon deexcitation were observed with
the YRAST Ball array [8], which, in the configuration
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FIG. 1. Experimentally measured B4/2 values for Pt isotopes. The
solid data points label the previously reported measurements, in which
an anomalously low B4/2 value for 180Pt was observed. The open data
point marks the newly measured B4/2 value for 180Pt, in which the
evolution of the B4/2 value with respect to changing neutron number
more closely matches the systematic behavior of the neighboring
Pt isotopes.
for this experiment, consisted of seven Compton-suppressed
EURISYS clover Ge-detectors oriented at 90◦ to the beam
axis. A 152Eu source was used for energy and efficiency
calibrations. The master trigger was generated whenever a
γ -ray of multiplicity one was detected. A total of 21 h of
in-beam data were taken, corresponding to 2 × 107 events in
the total projection. Room background was observed off-beam
for 55 h.
Figure 3 shows a γ spectrum recorded by all clover
detectors in coincidence with the 652 keV 2+1 → 0+1 transition.
The prominent peaks seen in this figure, with the exception
of the 652 keV random coincidences, correspond to the
668 keV 0+2 → 2+1 , 745 keV 4+1 → 2+1 , and 762 keV 2+2 →
2+1 transitions. The B(E2; 4
+
1 → 2+1 ) value was extracted
by comparing the yields of the 762 keV 2+2 → 2+1 and








































FIG. 2. Low-lying levels, transition energies, and transition
strengths for 98Ru. The open arrows mark the transition strengths
extracted in this experiment.




























FIG. 3. Gate on 652 keV 2+1 → 0+1 transition in 98Ru. With the
exception of the random coincidence peak at 652 keV, the prominent
peaks in the spectrum from left to right correspond to the 668 keV
0+2 → 2+1 , 745 keV 4+1 → 2+1 , and 762 keV 2+2 → 2+1 transitions.
in the singles spectrum made a relative measurement to the
B(E2; 2+1 → 0+1 ) impossible. In addition, a B(E2; 0+2 → 2+1 )
value was extracted, by comparing the 762 keV 2+2 → 2+1 and
the 668 keV 0+2 → 2+1 intensities.
To determine the B(E2; 4+1 → 2+1 ) and the B(E2; 0+2 →
2+1 ) values from this spectrum, we used the known
B(E2; 2+2 → 2+1 ) = 55 ± 10 W.u. from the earlier Coulomb
excitation experiment [5]. In extracting the B(E2; 4+1 → 2+1 )
and B(E2; 0+2 → 2+1 ), corrections were made for: (i) internal
conversion, (ii) branching ratios, (iii) angular correlations of
the de-excitation gamma rays, and (iv) background contami-
nation.
In the singles spectrum, contaminant peaks almost degen-
erate with the 745 keV 4+1 → 2+1 and 762 keV 2+2 → 2+1
transitions were visible, and contributed random counts to the
652 keV coincidence spectrum. The 745 keV contaminant
was due to activation in the target chamber, and was traced to
a 52Cr(p, α) reaction, produced by beta decay from 52Mn.
The 760 keV contaminant was too weak to be identified.
Using the known lifetime of 52Mn and background spectra
taken both before and after the experiment, it was possible
to subtract the number of counts in the 745 keV peak due
to this contaminant. The overall correction to the 745 keV
peak area in the coincidence spectrum was only 5%. For the
762 keV 2+2 → 2+1 transition, we were, in fact, able to
resolve the 760 keV contaminant and the 762 keV peak
in the coincidence spectrum sufficiently well for an estimate
of the correction for this contaminant, approximately 20%, to
be made.
The Winther-de Boer code [10] with a thick target inte-





2 , and 2
+
2 states. Stopping power calculations were
done for 98Ru on 27Al using SRIM [11]. The transitions and
corresponding B(E2) values used in the calculations can be
found in Fig. 2, and in Table I. While test calculations included
transitions that were unobserved in our experiment, as well as
the quadrupole moment of the 2+1 state, we determined that
their inclusion had a negligible effect on the calculated cross
sections of interest in all but one case, which will be discussed
below. Finally, we ensured that the size of the matrix element
for the 2+2 → 0+1 transition would not affect the resulting
B(E2; 4+1 → 2+1 ).
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TABLE I. B(E2) values used in relative
Coulomb excitation calculations for 98Ru.
J πi J
π
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As virtual excitation to higher levels is negligible at our
chosen beam energy, the ratio of the 745 keV 4+1 → 2+1 and
762 keV 2+2 → 2+1 intensities is equivalent to the ratio of
the corresponding excitation cross sections for the 4+1 and
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i → Jπf ) corresponds to the total decay in-
tensity of the initial levels, including unobserved but known
radiation, and cBR is a factor obtained from known decay
branching ratios. For the 1414 keV 2+2 level, the branching ra-
tio [Iγ (2
+
2 → 2+1 ) + Iγ (2+2 → 0+1 )]/Iγ (2+2 → 2+1 ) = 1.50 ±
0.03 [9] was used. Since σ (4+1 )/σ (2
+
2 ) varies approximately
linearly with respect to the matrix element used for the
4+1 → 2+1 transition, we were able to extract B(E2; 4+1 →
2+1 )/B(E2; 2
+
2 → 2+1 ) (and therefore, the B(E2; 4+1 → 2+1 )
value, assuming B(E2; 2+2 → 2+1 ) = 55 W.u.) by comparing
I (4+1 → 2+1 )/I (2+2 → 2+1 ) to a linear fit of σ (4+1 )/σ (2+2 ) as a
function of the 4+1 → 2+1 matrix element.
The process for extracting the B(E2; 0+2 → 2+1 ) value
was virtually identical to that used to determine the
B(E2; 4+1 → 2+1 ) value. Since the yield of the 0+2 state
depends on the B(E2; 4+1 → 2+1 ) value (but not vice versa),
we used the B(E2; 4+1 → 2+1 ) value we extracted in determin-
ing the B(E2; 0+2 → 2+1 ) value. See Table II for the observed
σ (Jπi )/σ (2
+
2 ) used to determine both B(E2) values.
TABLE II. R4/2, σ (J π )/σ (2
+
2 ), B(E2), and B4/2 values observed
for both 98Ru and 180Pt.
Nucleus J πi J
π

















1 2.68 260(32) 1.7(3)
aMatrix elements for the 4+1 → 2+1 and 0+2 → 2+1 transitions were
chosen such that the calculated cross section ratios matched observed
cross section ratios. Observed cross section ratios were extracted from
Coulomb excitation yields using Eq. 1.
bResults determined using the same relative sign for the interfering
matrix elements for the excitation of the 2+2 state.
cResults determined using B(E2; 2+2 → 0+2 ) = 1 W.u.
dResults determined using B(E2; 2+2 → 0+2 ) = 0 W.u.
eResults determined using the opposite relative sign for the interfer-
ing matrix elements for the excitation of the 2+2 state.
Note that there are two routes of deexcitation from the




1 states). The relative sign of the
matrix elements for these two routes is unknown, and could
not be determined from our experimental results. To account
for this, we did two sets of calculations to obtain σ (4+1 )/σ (2
+
2 )
and σ (0+2 )/σ (2
+
2 ): one with a positive matrix element for the
2+2 → 0+1 transition, and one with a negative corresponding
matrix element.
For all sets of calculations, as noted above, test Coulomb
excitation calculations including allowed but unobserved
transitions from the 2+2 state (for example, to the 4
+
1 state)
were done to ensure that nonzero matrix elements for such
transitions had a negligible effect on our results. We also
checked forbidden transitions, to ensure that a small but non-
zero B(E2) value in such cases would not have a significant
effect on our results. The only case in which we could not
ignore such a transition was that of the B(E2; 2+2 → 0+2 ) value.
As no absolute B(E2; 2+2 → 0+2 ) value is known, we assumed
a B(E2; 2+2 → 0+2 ) value of 1 W.u. in our calculations, because
we expect this forbidden transition to be comparable in
strength to the known forbidden transition between the 2+2 and
0+1 states. However, values up to a few W.u. do not significantly
effect the results below.
The effect of including the B(E2; 2+2 → 0+2 ) value of 1 W.u.
in our calculations on the σ (4+1 )/σ (2
+





tios is dependent on the relative sign of the matrix elements for
the 2+2 → 2+1 and 2+2 → 0+1 transitions. For the case in which
the relative sign of these two matrix elements is opposite,
σ (4+1 )/σ (2
+




2 ) decreases by
7% compared to calculations assuming B(E2; 2+2 → 0+2 ) =
0 W.u. For the case in which the relative sign of these two
matrix elements is the same, σ (4+1 )/σ (2
+
2 ) decreases by less
than 1%, and σ (0+2 )/σ (2
+
2 ) increases by 13%. Including even
a small matrix element for the 2+2 → 0+2 transition provides a
third means of exciting the 2+2 state. For the case in which
the relative sign of the two matrix elements is the same,
calculations show that this leads to a simultaneous increase
in σ (2+2 ) and decrease in σ (0
+
2 ), thus resulting in a somewhat
larger effect on σ (0+2 )/σ (2
+
2 ).
Results assuming B(E2; 2+2 → 0+2 ) values of 0 W.u. and
1 W.u. are noted in Table II. Assuming B(E2; 2+2 → 0+2 ) =
1 W.u., the observed intensity ratios yield B(E2; 4+1 → 2+1 ) =
59 ± 21 W.u. and B(E2; 0+2 → 2+1 ) = 52 ± 26 W.u. for the
case in which the relative sign of the interfering matrix
elements for the 2+2 is opposite. For the case in which the
relative signs are the same, B(E2; 4+1 → 2+1 ) = 50 ± 18 W.u.
and B(E2; 0+2 → 2+1 ) = 36 ± 18 W.u. This gives a B4/2 value
of 2.0 ± 0.7 in the case with opposing signs, and 1.7 ± 0.6 in
the case with equal signs. Using B(E2; 2+2 → 0+2 ) = 0 W.u.,
the B4/2 values for either case are essentially unchanged. In all
cases examined here, the resulting B4/2 values clearly remove
98Ru from the list of possible anomalies discussed in Ref. [4];
even calculations with B(E2; 2+2 → 0+2 ) = 5 W.u. do not yield
a B4/2 value below 1 within error for either case.
B. 180Pt
The 180Pt nucleus was studied with the RDM technique
using the Yale New Yale Plunger Device (N.Y.P.D.) [16].
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180Pt was produced using a 62Ni beam of 265 MeV, delivered
by the ESTU tandem accelerator. The beam impinged upon a
1 mg/cm2-thick 122Sn target. The average beam intensity was
0.27 pnA due to the low abundance of the 62Ni isotope. The
cross section for the desired 122Sn(62Ni, 4n)180Pt exit channel
was estimated using PACE calculations [12] to be about 100 mb,
out of ∼300 mb total cross section. The average recoil velocity
was v/c = 0.029(2). The gamma radiation was detected by
the SPEEDY [13] array, configured as eight Eurisys clover
detectors, arranged in two rings about the plunger, each of
four detectors, placed at backward (θ = 138.5◦) and forward
(θ = 41.5◦) angles with respect to the beam axis. All detectors
were surrounded by BGO Compton suppression shields. The
distance between the target and the front end of the detectors
was 200 mm; thus, the opening angle was ±13◦ around its
center. The master trigger was generated whenever one or
more γ rays were detected. The average trigger rate was
approximately 400 events per second. The target and stopper
foil were stretched and placed parallel to each other in the
N.Y.P.D. target chamber, which follows the design of the most
recent Cologne plunger [14,15]. The stopper was made out of
gold and was 10 mg/cm2 thick. The target-to-stopper distance
was varied during the experiment by using a piezoelectric
motor. Target-to-stopper distance was measured using the
capacitance method [17]. Data were collected for seven
distances between 150 and 600 µm for times ranging between
6 to 12 hs each, with the longer runs assigned to shorter
distances. For this experiment, beam was on target for ∼4.5 d.
To determine the lifetime of the 4+1 level, gates were placed
on the shifted component of the 6+1 → 4+1 transition, and the
shifted and unshifted intensities of the 257 keV 4+1 → 2+1
transition were determined. Figure 4 shows part of a forward
angle spectrum in coincidence with the shifted part of the
347 keV 6+1 → 4+1 transition at back angles. The different
panels correspond to spectra collected for three target-to-
stopper distances, in which the change in the relative intensities
of the Doppler-shifted and unshifted portions of the 4+1 → 2+1
transition with respect to the change in target-to-stopper
distance is visible.
The differential decay curve method (DDCM) [18,19]
was used to extract the lifetime from this data. To use this
method, one must first ensure that the production of 180Pt
is normalized for all distances. The peak intensities were
therefore normalized by setting gates on the shifted and
unshifted peaks of the 4+1 → 2+1 and 2+1 → 0+1 transitions,
and choosing a normalization coefficient such that the sum of
the shifted and unshifted components for visible higher-lying
states remained constant for all distances. The lifetime was
then obtained as a ratio:




where v is the recoil velocity, x is the target-to-stopper
distance, and Iu(x)(Is(x)) is the unshifted(shifted) intensity
of the depopulating transition [18]. The lifetime as a function




The weighted value of the lifetime obtained from the data is











































































FIG. 4. The 180Pt spectra above result from gating on the 6+1 →
4+1 transition in the detectors situated at backward angles, and
therefore display the coincident radiation at forward angles. The
three panels show the same gate at three target-to-stopper dista-
nces, to illustrate the ratio of unshifted-shifted intensities for the

































FIG. 5. (a) The resulting lifetime values for the 4+1 level in
180Pt
as a function of the target-to-stopper distance x. The line corresponds
to the weighted average of the lifetime values, which is 33 ± 4 ps.
(b) The intensity of the unshifted 4+1 → 2+1 transition as a function
of the target-to-stopper distance, x. (c) The derivative of the intensity
of the shifted 4+1 → 2+1 peak as a function of the target-to-stopper
distance, x.
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33 ± 4 ps. This value differs greatly from the previously
reported value of 75 ± 15 ps [7]. This translates into
a B(E2; 4+1 → 2+1 ) value of 260 ± 32 W.u., in contrast
to the previous value of 140 ± 30 W.u. The reported
B(E2; 2+1 → 0+1 ) of the previous experiment was 153 ±
15 W.u. Assuming this B(E2; 2+1 → 0+1 ) value is correct, the
new value for the B4/2 ratio is 1.7 ± 0.3, which also removes
180Pt from the list of possible anomalies identified in Ref. [4]
for now. The B(E2; 2+1 → 0+1 ) value used to calculate B4/2
was obtained in the same experiment that yielded the previous
B(E2; 4+1 → 2+1 ) value, however, and should therefore be
re-measured for a better determination of the B4/2 value for
this nucleus.
III. DISCUSSION
A summary of the B(E2) values and B4/2 ratios determined
for both 98Ru and 180Pt is presented in Table II. Both nuclei
exhibit B4/2 ratios well above those observed in previous
measurements.
In the case of 98Ru, the new measurement conforms to
the collective picture. To illustrate this, interacting boson
approximation (IBA) model calculations were performed
using the extended consistent Q formalism [20] with the
Hamiltonian [21,22]
H (ζ ) = c
[






Q̂χ = (s†d̃ + d†s) + χ (d†d̃)(2), (4)
n̂d = d† · d̃, (5)
and NB is the boson number. Calculations were done for NB =
5 because this corresponds to the number of valence bosons
in 98Ru if one does not take into account the Z = 40 subshell
closure (otherwise, NB = 4). The difference in B4/2 values for
NB = 4 and 5 is small. A contour plot of B4/2 for the complete
physical range of ζ (0  ζ  1) and χ (−1.32  χ  0) made
with these calculations can be found in Fig. 6. The U(5),
O(6), and SU(3) limits correspond to (ζ = 0, χ unrestricted),
(ζ = 1, χ = 0), and (ζ = 1, χ = −1.32), respectively. The
low-lying levels of 98Ru exhibit a vibrational structure










FIG. 6. Contour plot of B4/2 values over the entire IBA-1
parameter space for 5 bosons. U(5), located at ζ = 0 for all χ values,
corresponds to B4/2 = 1.6.
(R4/2 ≡ E(4+1 )/E(2+1 ), for example, is 2.14), suggesting that
the B4/2 ratio should be near the ζ = 0 U(5) limit [23].
For NB = 5, in U(5), B4/2 = 1.6, as shown in Fig. 6. For
NB = 4, B4/2 = 1.5 in U(5). These values agree with our
observed B4/2 values for both positive and negative relative
matrix elements within error, and thus, the B4/2 ratio for 98Ru
does indeed conform with expectations based on the status of
the low-lying levels. As for 180Pt, the new B4/2 ratio conforms
with the systematic trend reported in the neighboring platinum
isotopes within error, as shown in Fig. 1.
IV. CONCLUSION
These experiments remove two of the anomalous nuclei [4]
from consideration, but do not finalize this line of inquiry.
For one of the other anomalous nuclei, 114Te, recent lifetime
measurements [24] have in fact confirmed the anomaly
(B4/2 = 0.84(1)). The remaining seven nuclei, 114Xe, 114Te,
132Nd, 134Ce, 134Xe, 144Nd, and 152Dy, seem to have little in
common upon first glance. However, there may be two separate
phenomena at work here. Three of the nuclei (114Te, 134Xe,
and 144Nd) are only two valence nucleons from the closed
shell. Although these nuclei have B(E2; 2+1 → 0+1 ) values
>15 W.u., suggesting collective behavior, their B4/2 ratios may
nevertheless be influenced by single particle effects. In the case
of 134Xe, for example, g factor measurements for the 2+1 and
4+1 states (g(2
+
1 ) = +0.354(7), g(4+1 ) = +0.83(14)) suggest
an increase in the proton content for the 4+1 state compared
to the 2+1 state [25]. This is a signature of proton excitation,
or dominant single particle degrees of freedom, thus provid-
ing a possible explanation for any deviations from known
collective models. The 134Xe result may suggest a promis-
ing method for understanding the behavior of these three
nuclei.
For 152Dy, lingering single particle effects from theZ = 64
subshell closure may play some role, but the remaining three
nuclei, 114Xe, 132Nd, and 134Ce, do not offer any simple clues
as to the reason for their anomalous behavior. These nuclei
are unlikely to show any significant single particle effects,
considering their distance from any closed shell. As a result,
further measurements should be performed to ensure that the
reported B4/2 values are correct; only then can a full evaluation
of the status of this anomalous behavior be made.
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